\body Myriad chemical and biochemical processes that occur in aqueous salt solutions exhibit trends that depend systematically on the identities of the salt ions. These trends, which are commonly referred to as specific ion effects, generally follow the Hofmeister series, a ranking of the ability of salt ions to precipitate proteins that was developed by Franz Hofmeister and co-workers in the late 1800s (1) . The Hofmeister series applies, however, to a wide range of other seemingly unrelated phenomena, such as colloidal stability, critical micelle concentrations, chromatographic selectivity, protein denaturation temperatures, and the interfacial properties of aqueous salt solutions (2, 3) . Early attempts to explain the Hofmeister series relied on the notion that salt ions have a long-range effect on the structure of water, with ions on one side of the series acting as "structure makers" and ions on the other side as "structure breakers" (2, 4) .
However, more recently, several experimental and computational studies have questioned the role of long-range ordering/disordering effects (4) (5) (6) (7) (8) (9) , and have provided compelling evidence that ion-specific behavior at aqueous interfaces must be taken into consideration when attempting to explain Hofmeister effects (7, (10) (11) (12) (13) .
Specific anion effects on the interfacial properties of aqueous salt solutions, such as surface tensions and surface potentials, closely follow the Hofmeister series for anions (14) . For example, surface tension increments (differences between the surface tension of a salt solution and that of neat water) of sodium salts at the same concentration decrease in the order: SO 4 2-> Cl -> Br -> NO 3 -> I - (15, 16) . Molecular dynamics (MD) simulations have predicted that the propensity of anions to adsorb to the solution-vapor interface follows the Hofmeister series in reverse (7, 14, 17) , and this prediction has largely been confirmed experimentally (14, (18) (19) (20) (21) (22) .
Moreover, MD simulations have shown that, with few exceptions, anions adsorb more strongly to the solution-air interface than their counter-cations and, consequently, electrical double layers are formed near the interface, with the anions residing in or near the topmost layer of the solution, and the cations below the anions (14, 23, 24) . Surface potentials (25) , phase-sensitive vibrational sum frequency generation (PS-VSFG) spectra (22, 26, 27) , and x-ray photoelectron spectroscopic (XPS) data (19, (28) (29) (30) (31) are consistent with the double layer picture.
Compared to anion-specific effects, cation-specific effects at the solution-air interface are generally observed to be relatively weak. For example, the concentration dependence of the surface tension increments of LiCl, NaCl, and KCl are very similar (32) . In one of the few studies that directly determined cation-specific effects on ion distributions in the interfacial region, XPS spectra and MD simulations revealed that Na + approaches the solution-air interface more closely than Rb + , and that the interfacial population of Clis greater in NaCl vs. RbCl solutions (30) . PS-VSFG measurements, which provide indirect information on interfacial ion distributions via surface electric fields inferred from the imaginary part of the nonlinear susceptibility, have provided evidence of cation-specific effects on the strength of the electric double layer at the solution-air interfaces of nitrate, sulfate, and halide salt solutions (22, 26, 27) .
In almost all aqueous solutions of inorganic salts, cations are excluded from the topmost layer of the solution (14) . It has been suggested, based on MD simulations (33) (34) (35) , that Li + may be an exception. Presently, Li + is the only metal cation that has been observed in MD simulations to exhibit the "surfactant-like" behavior displayed by certain anions. However, this theoretical prediction has not been confirmed experimentally. Here we report liquid-jet XPS (LJ-XPS) measurements of the interfacial ion distributions in potassium and lithium halide solutions that provide direct experimental evidence that, indeed, Li + adsorbs to the solution-air interface, while K + does not. We also report MD simulations that qualitatively reproduce the LJ-XPS results and provide molecular-level insights into the origin of the differences in the behavior of Li + and K + at the solution-air interface.
Results and Discussion
Depth-dependent cation/water-oxygen ratios from LJ-XPS spectra. LJ-XPS signals originating from the I4d and K2p orbitals in 2 M KI, and I4d and Li1s orbitals in 2 M LiI, are shown in Fig. 1A -C for both low (probing the surface) and high (probing the bulk) photoelectron kinetic energies (KE). Comparison of the low (200 eV) and high (600 eV) KE spectra reveals that the Isignal is greater at low KE than at high KE for both the KI ( Fig. 1A) and LiI (Fig. 1C) solutions, consistent with the now well-established notion that the population of Iions is greater at the surface vs. the bulk in alkali iodide solutions (14, 19, 24) . The K + signal is lower at low KE than at high KE ( Fig. 1B) , indicating a depletion of K + ions at the surface relative to the bulk of the KI solution, which is also consonant with the prevailing picture of ion distributions near the surfaces of aqueous alkali halide solutions (14, 24) . In contrast, the Li + signal at low KE is significantly higher than that at high KE (Fig. 1C) . Thus, the spectra in Fig. 1C provide the first direct experimental confirmation of the prediction, made on the basis of MD simulations (33) (34) (35) , that Li + ions adsorb to the aqueous solution-air interface. Methods section (28, 36, 37) . To obtain ion concentrations, the normalized ion spectral peak areas are divided by the normalized water O1s peak area at the same photoelectron KE. Fig. 3 vs. the distance from the instantaneous solution-air interface (i.e., depth into the solution). Referring the density profiles to the instantaneous interface (see SI Appendix for definition and method of calculation) reveals structure in the interfacial region that is obscured when mean density profiles are computed on a static grid (38, 39) . The water density profiles in Fig. 3 each display two peaks, one at ~2 Å and the other at ~5 Å below the interface, and the iodide density profiles display sharp peaks on the inner side of the topmost water layer, followed by a depletion zone centered around 5 Å below the interface, in which the ion density is lower than in the bulk. To maintain the electroneutrality of the interfacial region, the density profiles of the cations also contain peaks corresponding to enhanced ion populations in the interfacial region vs. the bulk. Both the K + (in KI) and Li + (in LiI) density profiles indicate enhanced populations in the zone of Idepletion below interfacial peak in the Idensity profiles. In addition, the Li + density profile displays a more prominent peak that is coincident with Iinterfacial peak. Thus, the MD simulation of 2 M LiI recapitulates the "surfactant-like" behavior of Li + inferred from the LJ-XPS data (Figs. 1 and 2). The anion density profiles for K + and Li + solutions of all three halides considered show signal corresponding to surface-adsorbed anions that decreases in the order I -> Br -> Cl -( Figure   S4 ). As for K + in the KI solution, the K + density profiles from the KBr and KCl solutions do not Origins of the different interfacial propensities of Li + and K + ions. We can use our MD simulations to address the question of why Li + adsorbs to the topmost layer of water but K + does not. Although the relative importance of the various forces that drive ions toward or away from aqueous solution-air interfaces is a subject of on-going inquiry (39) (40) (41) (42) (43) (44) , there is broad consensus that cavity formation promotes ion adsorption, and the loss of dispersion and local (hydration shell) electrostatic interactions accompanying ion desolvation opposes ion adsorption. In addition, when point-charge models are used for the ions and water molecules, as in the present study, there is an electrochemical surface potential, arising from broken symmetry in the water structure at ion-water and air-water interfaces, that favors the adsorption of anions and opposes the adsorption of cations (40, 41) . In finite concentration solutions, such as those considered here, it is also possible that ion-ion interactions are different in bulk solution than in the interfacial region; in this case, there will be an additional electrostatic contribution to an ion's adsorption propensity.
The cavity term clearly does not contribute to the greater adsorption propensity of Li + vs. K + because K + is larger than Li + . As we shall see below, Li + retains its full solvation shell even when it is in the topmost water layer, while K + sheds part of its solvation shell as it approaches the surface of the solution. Due to the loss of water molecules in the K + solvation shell, the concomitant loss of dispersion interactions opposes K + adsorption. On the other hand, since Li + retains its full solvation shell at the interface, the difference in dispersion interactions between Li + at the interface and in the bulk should be negligible. Thus, dispersion interactions are not expected to play an appreciable role in the adsorption of Li + . The cation-water electrostatic interactions are attractive throughout each solution, and relatively very weak compared to the cation-cation and cation-anion electrostatic interactions ( Fig. 4A-B ). For K + in the KI solution, there is a very shallow minimum in the cation-water electrostatic interaction energy profile (Fig. 4A) , spanning roughly the same range of depth (~4-9 Å) as that of the enhanced K + density corresponding to the subsurface layer of K + ions (Fig.   4C ). Upon moving closer to the interface the K + -water electrostatic energy rises to zero as the number of water molecules in the K + hydration shell drops from its bulk value of six (Fig. 4E ).
Thus, desolvation constitutes a small penalty to the adsorption of K + ions to the solution surface.
Likewise, the Li + -water electrostatic interaction energy profile displays minima (Fig. 4B) where the Li + density profile contains maxima (Fig. 4D) , with the deepest minimum coinciding with the surface layer of Li + ions. The Li + ion is able to maintain attractive Li + -water interactions all the way up to the solution surface because it retains its full hydration shell, consisting of four water molecules, throughout the solution (Fig. 4F ; see also (33) ). The same picture emerges from our MD simulations of potassium and lithium bromide ( shell of Li + in 2 M LiI. All quantities in this figure were calculated with respect to the instantaneous solution-air interface. The interface is located at depth = 0.
Conclusions
We employed a combination of LJ-XPS experiments and MD simulations to investigate specific cation effects at the aqueous solution-air interfaces of potassium and lithium halide solutions.
The cation/oxygen and anion/cation ratios from the LJ-XPS experiments and the density profiles from the MD simulations show that Li + ions adsorb to the interface, but K + does not. Consistent with previous studies (14, 19, 24) , both the LJ-XPS experiments and MD simulations also show that the iodide anion exhibits surfactant-like behavior. Moreover, the simulations predict that the halide anion adsorption propensity decreases in the order I -> Br -> Clin both K + and Li + solutions, and that the extent of anion adsorption does not depend significantly on the identity of the counter-cation in the solutions considered here. The simulations provide evidence that the primary reason Li + ions are able to approach the interface more closely than K + is that Li + ions retain their full hydration shell, and the associated favorable ion-water electrostatic interactions, even in the topmost layer of the solution. In contrast, while K + ions retain their complete hydration shell up to the subsurface layer beneath the surface anion layer, as they approach the surface more closely they shed part of their hydration shell and lose stabilizing electrostatic interactions with water molecules. The normalization factor, as described by Yeh and Landau (36) and Ottosson et al. (28) , was computed to normalize recorded XPS signals to the photon flux, transmission of the X-ray beam through 1 torr of water vapor, the atomic photoionization cross section of each respective element, and the β factor, an asymmetry factor for the electron detection that depends on orbital geometry. Although the data was not collected at the magic angle, the photoelectron anisotropy is expected to be minor for the photoelectron kinetic energies greater than 100 eV used in these experiments (37) . The normalized peak areas are shown to provide an accurate measure of relative concentrations for bulk measurements, and may also be applied to the surface data. The photon flux was recorded for each beam time using a photodiode. The X-ray transmission through water vapor was computed using the resources from the Center for X-ray optics on-line program provided by the Center for X-ray Optics at LBNL (51) .
Materials and Methods

Liquid Jet X-ray Photoelectron Spectroscopy experiments
Molecular Dynamics Simulations
MD simulations of ~2 M aqueous LiCl, LiBr, LiI, KCl, KBr, and KI solutions consisted of 1728 water molecules and 68 ion pairs. The dimensions of the simulation cell were 30 Å x 30 Å x 140 Å for each system. Periodic boundary conditions were applied in all three dimensions, resulting in solution "slabs" ~70 Å thick with two solution-vacuum interfaces at z ~ ±35 Å. The SPC/E model was used for water (52) , and the ion force field parameters were taken from
Horinek et al. (33) (see Table S1 for a full listing of the force field parameters employed in this study). The MD trajectories were generated using the Gromacs simulation suite (53) for 80 ns each with a timestep of 1 fs; the last 70 ns of each trajectory was used for analysis. The temperature was held constant at 300 K using a Berendsen thermostat (54) with velocity rescaling to ensure the correct kinetic energy distribution (55) . Water molecules were held rigid using the SETTLE algorithm (56) . The electrostatic energies and forces were calculated using the particle-mesh Ewald method (57) , and a cutoff of 9 Å was used to truncate the Lennard-Jones interactions and the real-space part of the Ewald sum. Contents:
Materials and Methods
Figs. S1-S6
Table S1
Definition and calculation of the instantaneous interface. All of the results from the molecular dynamics (MD) simulations are plotted vs. depth in solution. The solution surface is located using the "instantaneous interface" construction devised by Willard and Chandler (1) , which involves convoluting the instantaneous density field of the water oxygen atoms and ions with Gaussian distributions:
to obtain a coarse-grained density field. The location of the interface in each configuration is then taken to be the isodensity surface defined by the locus of points at which the coarse-grained density field is equal to half the bulk density of the solution. The width (ξ) and scaling (η) parameters of the Gaussians are listed in Table S1 . The width parameter for the water O atoms was taken from Willard and Chandler (1) . The parameters for the anions were chosen such that the local density field in a simulation of a single bulk solvated ion was homogeneous (2) . The cations were not included in the convolutions because, due to their relatively small size, their contribution to the overall solution density is negligible.
Photoelectron spectra measured at the magic angle. It is possible that the geometrical anisotropy of the photoelectron emission process (3, 4) in the XPS experiments could lead to results that suggest an enhancement of the Li + ion concentration (relative to the Ianion) near the surfaces of lithium halide solutions when in fact such an enhancement does not exist. To rule out this possibility, we carried out experiments in which the instrumental geometry was modified so that the polarization of the X-ray beam was at an angle of 54.7˚ with respect to the electron detection axis, i.e., at the so-called magic angle, where the angular anisotropy vanishes (3, 4) . To determine depth profiles of the anion/cation ratios for 2 M NaI and 2 M LiI solutions, XPS spectra were measured at the magic angle for photoelectron kinetic energies ranging from 150 eV to 700 eV. At the magic angle, only the photoionization cross sections are required to obtain the anion/cation ratios. As can be seen in Figure S1 , where we plot the anion/cation ratios vs. photoelectron KE obtained from XPS spectra measured at the magic angle, the observation that Li + ions are present near the solution surface, while Na + ions are depleted, persists in the absence of photoelectron emission anisotropy. 
